The fragment pattern analysis of tandem mass spectrometry (MS/MS) has long been used for the structural characterization of metabolites. The construction of a plant-specific MS/MS data resource and database will enable complex phytochemical structures to be narrowed down to candidate structures. Therefore, a web-based database of MS/MS data pertaining to phytochemicals was developed and named ReSpect (RIKEN tandem mass spectral database). Of the 3595 metabolites in ReSpect, 76% were derived from 163 literature reports, whereas the rest was obtained from authentic standards. As a main web application of ReSpect, a fragment search was established based on only the m/z values of query data and records. The confidence levels of the annotations were managed using the MS/MS fragmentation association rule, which is an algorithm for discovering common fragmentations in MS/MS data. Using this data resource and database, a case study was conducted for the annotation of untargeted MS/MS data that were selected after quantitative trait locus analysis of the accessions (Gifu and Miyakojima) of a model legume Lotus japonicus. In the case study, unknown metabolites were successfully narrowed down to putative structures in the website.
Introduction
Metabolomics is an ''omics'' approach to the investigation of metabolites present in biological samples (Fernie et al., 2004; Weckwerth, 2003) . Untargeted metabolomics methodologies that employ chromatographic separation and mass spectrometry (MS) are widely used for high throughput and high sensitivity/selectivity analysis of a broad range of phytochemicals (Fiehn et al., 2000; Guy et al., 2008; Hall et al., 2008; Saito and Matsuda, 2010; Schauer and Fernie, 2006; Sumner et al., 2003) . These MS-based metabolomic approaches require reference data for authentic standard compounds to identify the detected metabolite candidates (Last et al., 2007) . Phytochemicals are thought to be the lead chemicals involved in innovative bioactivities, and it is estimated that there are 0.2-1 million metabolites; however, the authentic compounds available for qualitative or quantitative analysis are very limited. Thus, full identification of novel metabolites by isolation is the most important methodology in plant metabolomics. In this regard, a total of 37 metabolites have been successfully isolated and identified from spectroscopic data of the model plant Arabidopsis, but only two anthocyanins were elucidated as novel metabolites (Nakabayashi et al., 2009 ). An advanced tandem mass spectrometry (MS/MS) search will improve the ability to narrow down candidate complex phytochemical structures, thereby facilitating opportunities for unambiguous identification of the unknown metabolites.
MS/MS analysis facilitates the detection of fragment ions of a molecular weight-related ion (precursor ion), while using metabolite-specific fragment ions (product ions) for structural elucidation. Thus, the construction of an MS/MS data resource and database are required for metabolite identification in metabolomics. MS/MS data have recently been made available via web databases such as METLIN (Smith et al., 2005) , BinBase (Fiehn et al., 2005 (Fiehn et al., , 2008 , HMDB (Wishart et al., 2009 (Wishart et al., , 2007 , MMCD (Cui et al., 2008) , and MassBank (Horai et al., 2010) . Additionally, the XC-MS2 database has been used in metabolomics in conjunction with a similarity search algorithm from the MS/MS database to identify detected metabolites (Benton et al., 2008) . These MS/MS databases have significantly enhanced the identification of detected metabolites (Hildebrandt et al., 2011) .
Metabolomics data and MS/MS similarity search algorithms are useful for both identifying and assigning similar structures to detectable metabolites, a process termed annotation. Since April 2006, data was collected manually from the available literature for use as plant-specific reference MS/MS data (http://spectra.psc.riken.jp/). MS/MS data pertaining to approximately 500 metabolites can be collected from the literature each year using this method; therefore, thousands of phytochemicals have been successfully collected to date. Because the number of metabolites detected by MS-based metabolomics has recently been expanding, the MS/MS data derived from the literature are very valuable for help in the identification of detected phytochemicals.
In this work described herein, the ReSpect (RIKEN tandem mass spectral database) is a new web database and data resource composed of records from existing literature and the MS/MS data from our standard compounds. As a case study, the metabolite quantitative locus analysis of a model legume Lotus japonicus (Sato et al., 2008) was carried out by annotating untargeted MS/MS data using ReSpect as a first step towards metabolite identification. Various unknown metabolites were narrowed down to putative structures in the database, which is being provided as a Scientific Community Service.
Results and discussion

ReSpect database
The ReSpect database has three major features that differ from other MS/MS databases; these features enhance the annotation efficiency of complex phytochemical structures. The first is a newly established fragment search system. ReSpect contains 3341 records derived from 163 literature reports (see Section 4). The available MS/MS literature is thus a valuable data resource for phytochemicals, although only about half of the articles describe the m/z values of fragment ions, with no description of the intensities or MS spectra. In those cases, the relative intensities of all ions to 100% were adjusted. The adjusted intensity data might be overrated by the conventional spectrum search algorithm, which uses the cosine product method (Sokolow et al., 1978) in conjunction with m/z values and the intensity values of fragment ions for the MS/MS similarity search. Thus, a new search system (named fragment search) was established, which uses m/z values of fragment ions to search adjusted MS/MS data. The specific fragment pattern of MS/MS derived from a compound permitted narrowing down as candidate structures, which is quite important for the first steps towards unambiguous identification of unknown phytochemicals. Moreover, all records in the ReSpect database were manually categorized into a compound ontology system composed of three levels of compound classes that was essential for the interpretation of the fragment search; the records in the ReSpect database were categorized into the compound classes according to the book ''Comprehensive Natural Products Chemistry,'' Volumes 1, 2, 3, and 4 (Cane, 1999; Kelly, 1999; Pinto, 1999; Sankawa, 1999) . In this study, the three levels were defined as follows: 1, general term; 2, main skeleton; 3, synonym. For the case study, major records in ReSpect were categorized as follows: level 1, flavonoids (2957 records); level 2, flavonols (1430 records); level 3, kaempferol glycosides (603 records) (Fig. 1) . Multiple synonymous names have generally been used for phytochemical structures. As a result, evaluation of matched records in the MS/MS database has been a very difficult task for biologists. Using compound class level 1 (nine basic types of phytochemicals), the results of the fragment search can be easily understood by a wide range of users, while more detailed structural information is provided by compound class levels 2 and 3.
The second feature of ReSpect that differentiates it from other databases is the enumerated MS/MS fragmentation association rules among the ReSpect records. The association rules are an algorithm of frequent pattern mining for identification of interesting relationships between variables in the database (Agrawal et al., 1993) . For example, the following association rule ''milk ) bread, eggs'' in a selected dataset can be predicted as follows: if a cus- Fig. 1 . Distributions of major records with compound class levels. All ReSpect records were categorized in compound class level 1 (A). The records of ''Flavonoids'' in compound class 1 were categorized in compound class level 2 (B). The records of ''Flavonols'' in compound class level 2 were categorized in compound class level 3 (C).
tomer bought milk, then they also bought bread and eggs (see Supplementary Fig. 1) . Thus, the left-and right-hand side in a rule are named the antecedent (if) and consequent (then), and the datasets are named transactions, e.g., a transaction is a set of items in a basket. This approach was employed to estimate common MS/MS fragment patterns among the chemicals in compound class level 1 (described above). Among the association rules of the MS/MS data, the max m/z value of a product ion in a rule is defined as the antecedent, the other product ions are defined as the consequent, and invalid rules are excluded from analysis (see Section 4). As the transaction for the MS/MS fragmentation association rule, 30 datasets from the ReSpect records having the same polarity and adduct type are grouped as compounds in class level 1 (Supplementary Table 1 ). The index values of the association rules are calculated based on the number of transactions that include a specific combination of the antecedent and consequent, and the values (support, confidence and lift) are then used for evaluation of the frequency, strength, and independence (see Supplementary Fig. 1 and Section 4). Using the MS/MS fragmentation association rules with index values, the common MS/MS fragment patterns in flavonoids were successfully predicted in the ReSpect records (Table 1) , and each flavonoid appears to have a common fragmentation pattern as a result of the positions of homolytic bond cleavage (Fig. 2) . As shown in Fig. 2A and B, a common fragmentation scheme of glycosidic derivatives was estimated for different flavonoid skeletons. Moreover, very specific fragment ions derived from C-glycosidic flavonoids were estimated based on complex spectral interpretations ( Fig. 2C and D) (Cavaliere et al., 2005; Rauter et al., 2005) . In these cases, the results of a fragment search will be shown by the number of matches with a common fragment pattern. However, it is difficult to use such annotations to evaluate confidence levels, e.g., whether or not there is specific matching, based on only the number of matched records. Therefore, the MS/MS fragmentation association rules are also shown as the optional results of a fragment search of ReSpect, and the common fragment patterns among the compound classes of phytochemicals can easily be concurrently evaluated on the basis of the matched records with specific or common fragment patterns.
The third feature of ReSpect that differentiates it from other databases is that it is a plant-specific MS/MS data resource. Indeed, 100% of the records derived from the literature for the ReSpect database have been detected in plant species. Thousands of phytochemicals have been reported in the literature. The literature for MS/MS data of phytochemicals can be selected after running PubMed (http://www.ncbi.nlm.nih.gov/pubmed) and Google Scholar (http://scholar.google.com) searches (Butler, 2004) . The records derived from literature contained various types of MS instruments (e.g., tandem quadrupole, QqQ; ion trap, IT; quadrupole time of flight, Q-TOF; Fourier transfer, FT) under involuntary choice (Fig. 3A) . In this study, the MS/MS data were manually digitalized, and all data were included in the ReSpect database. Because it is a plant-specific data resource, MS/MS data searches of ReSpect may lead to higher annotation success rates.
Web applications of ReSpect
Web applications of the ReSpect database are already available for annotation of phytochemicals. The user can obtain a record for annotation of phytochemicals by simple handling. As the main web application of ReSpect (Fig. 3B) , the query MS/MS data can be used for the newly established fragment search and existing algorithm of spectrum search using the cosine product. Additionally, all records are available for keyword searches, formula searches, exact mass searches, and index searches of the metabolite name. c Lift value (0-1) indicates independence of frequency between the antecedent and the rule as follows: positive effect (<1), negative effect (>1) and no effect (%1). Table 1 , the common fragmentation sites corresponding to specific product ions were estimated for pelargonidin glycoside, genistein glycoside (A); delphinidin glycoside, quercetin glycoside (B); luteolin glycoside (C) and apigenin glycoside (D). The dashed arrow indicates the bond cleavage position in flavonoids.
Detailed instructions are displayed by help pop-ups on the website. All records can be downloaded from the website as text data and SQL databases under a Creative Commons Attribution -Noncommercial 2.1 Japan License (http://creativecommons.org/licenses/by-nc/2.1/jp/deed.en).
Using the fragment search of ReSpect for query data, users can select the polarity and adduct ion type (Fig. 3C) . In addition, advanced search options can be used for more specific searches based on the user's threshold. The results of a fragment search conducted using a record of tryptophan (record No., PT100553; m/z tolerance, ±0.3 Da; polarity, positive; adduct, [M+H] + ; fragment filters: relative intensity P0%; ranking, top 10) completely matched the fragment ions in four records derived from tryptophan ( Fig. 3C and Supplementary Fig. 2 ). Among the optional results of the fragment search, the MS/MS fragmentation association rules corresponding to the precursor ion (m/z 205) of PT100553 were automatically summarized as a table on the webpage (Fig. 3C ). In this case study, the top three rules were annotated as amino acids in compound class level 1. A total of 17 records corresponding to the rules (205 ) 188; 205 ) 146, 188; 205 ) 146) were derived from tryptophan and tryptophan derivatives ( Fig. 3C and Supplementary  Fig. 3 ). These results suggest that the MS/MS fragmentation association rule of the fragment pattern is a powerful tool for prediction of fragmentation patterns in metabolites, as well as for managing the confidence level of annotations in fragment searches conducted using ReSpect.
A case study of annotation for untargeted MS/MS data
Metabolomics is developing toward an integral component of functional genomic approaches. The integrated analysis of metabolomics and transcriptomics is a powerful tool for the discovery of genes related to novel plant metabolisms . The integrated approaches may also be effective for searching key metabolites in plant metabolism. Among these approaches, metabolite quantitative locus (mQTL) analyses have shown that the gene marker-assisted selection of valuable metabolites has great potential for discovering the gene to metabolite networks in plants (Brotman et al., 2011; Lisec et al., 2008) . Elucidation of the natural variation of metabolites in plant is an important topic in Phytochemistry; however, it is difficult to cover a broad and a minor target with the isolation technique of metabolites. Thus, the case study of untargeted mQTL analysis of L. japonicus accessions (MG-20 and B-129) is a rather important technique for narrowing down the key metabolites of natural variation. mQTL and the annotation process of unknown metabolites with ReSpect are very effective to reach a broad target audience in Phytochemistry.
More than 80,000 untargeted MS/MS tags (MS2T) derived from a mixture of seed extracts from MG-20 and B-129 are available on our website (Matsuda et al., , 2009 ) (MS2T viewer, http://prime.psc.riken.jp/). Based on the biological and analytical thresholds (see Section 4), 88 MS2Ts were effectively selected for mQTL analysis. The results yielded eight gene marker positions that were suc- Fig. 3 . Workflow of database implementation and organization of Fragment search results. As data resources, we considered both the literature data and the data obtained using several types of MS instruments (A). All records were formatted using MassBank Record, and the web application supported several ways to search and download the records (B). Using Fragment search of ReSpect, the user can select the annotation of input data (m/z values), and the confidence levels can be managed by MS/MS fragmentation association rules (C).
cessfully estimated as major mQTLs (Fig. 4) . A total of 18 MS2Ts were associated with the major mQTLs (Supplementary Table 2) . A fragment search of metabolite candidates with ReSpect successfully annotated nine MS2Ts as flavonoid glycosides (Table 2 ). These metabolites have been reported in L. japonicus (Suzuki et al., 2008) . In MS2T of LJA01p24687, the association rules of the fragment search revealed abundant matching of 34 records dependent on a common fragmentation pattern (465 ) 303) of a flavonoid, as described in Table 1 . These results suggest that the use of ReSpect with integrated metabolomics approaches has the potential for effective elucidation of the putative structure of phytochemicals.
Concluding remarks
The first plant-specific MS/MS data resource and web database has been established. The newly established fragment search of ReSpect enables prediction of the MS/MS-based annotation of detectable phytochemicals, and this search system is suitable to search literature data for which only the m/z values of MS/MS are available. Using a fragment search of ReSpect with MS/MS query data, the user can obtain annotations based on the available records, and the confidence levels of the annotations can be evaluated based on the number of matched records and MS/MS fragmentation association rules. As a case study, the annotation of flavonoid glycosides was demonstrated in two accessions of L. japonicus, for which there were significant differences in the accumulation patterns. In this case study, MS/MS fragmentation association rules clearly demonstrated common fragmentation patterns among the flavonoids.
Currently, ReSpect does not support multiple stage mass spectrometries (MSn, n > 2) derived from IT-MS because the focus was mainly on the MS/MS data and its search algorithm. One of the key challenges in the next database is the development of a novel search algorithm for MSn. The relational search for interpretation of MSn data in the literature will be ultimately effective in helping towards the structural characterization of unknown metabolites, and it also is a very valuable data resource for the next database. In addition, the accurate mass measurement technique using high resolution MS and MS/MS instruments, Q-TOF-MS and FT-MS, also allowed us to search by narrowing down the m/z tolerance. These improved search systems depended on not only the MS acquisition and instrument type, but also the metadata of sample in a literature; these metadata include plant species and growth conditions, which can effectively narrow down the candidate structure of an unknown metabolite. These detailed data collection and curation activities should be organized as a common data deposit system, which is supported by each scientific field. With the increase of MS/MS database activities, the annotation process requires a more detailed compound ontology construction. However, the current simple ontology system in ReSpect is certainly biased towards secondary metabolites, which is our area of expertise. Hence, the major metabolites in the primary metabolites were categorized into ''Others'' in compound level 1, and this will be improved in the next database. : 1-6 ). The major mQTLs were estimated based on the LOD scores (<10). The genetic markers of mQTLs were indicated by red color as follows: 1, TM0199; 2, TM0110; 3, TM0832; 4, TM0194; 5, TM0030; 6, TM0429; 7, TM0880; 8, TM0756. The information regarding the genetic markers was provided by KDRI (http://www.kazusa.or.jp/lotus/). At present, a few hundred unknown phytochemicals in representative plant species can be predicted using MS2Ts (MS2T viewer, http://prime.psc.riken.jp/), and a framework including ReSpect has been reported (Matsuda et al., 2011) . However, computational prediction of the structure of metabolites based on MS/MS data is still very challenging without reference data (standard compounds and biological data) owing to the limitations of the available algorithms and model data. MS/MS data resources developed in previous studies cannot be downloaded and are therefore difficult to reuse for the development of novel methodology. ReSpect is the first tool for annotation of phytochemicals based on downloadable MS/MS data resources and a database. It is expected that users of bioinformatics and metabolomics will be able to develop novel algorithms and methodologies using our database and data resources.
Experimental
MS/MS data in ReSpect
The literature used for the MS/MS data were obtained from PubMed and Google Scholar, and the MS/MS data were manually digitalized. All literature used are listed in the information section in ReSpect (http://spectra.psc.riken.jp/). For studies in which the relative intensity value of the MS fragment spectra was not described digitally, the heights of the MS peaks in the figures were manually measured and calculated. For literature data that have only m/z values without intensity data, the intensities of all ions to 100% were adjusted. In addition, the MS/MS data of the authentic standard compounds were acquired using Q-TOF/MS and QqQ/MS (Matsuda et al., , 2009 Sawada et al., 2009a,b,c) . All records used for ReSpect were categorized into compound classes according to the book (Cane, 1999; Kelly, 1999; Pinto, 1999; Sankawa, 1999) . The records were formatted using MassBank Record (Horai et al., 2010) , which can accept MS/MS data as well as its metadata (summary, chemical, analytical, spectral and outer database links). As of September 2011, ReSpect contained 8649 records corresponding to 3595 metabolites. Specifically, the database contains 163 selected literature reports (3341 records corresponding to 2741 metabolites), Q-TOF/MS data (1050 records corresponding to 575 standard compounds) (Matsuda et al., , 2009 ) and QqQ/MS data (4258 records corresponding to 861 standard compounds) (Sawada et al., 2009a,b,c) . The ratios of the metabolite ontology classes are biased toward the available data and referenced classification of metabolites. In the data section of ReSpect, the example analyses (statistics and evaluation) were automatically executed based on the updated records.
MS/MS fragment association rules in ReSpect
In this study, association rules and index values (transaction, support, confidence, lift) of MS/MS data in the ReSpect records were enumerated using a module of Perl (Data Mining AssociationRules Version 0.10). To mimic the MS/MS data structure, the maximum value of the product ion and other product ions are defined as the antecedent and consequent, respectively, an antecedent is defined as a single ion, and the difference in m/z values between the antecedent and consequent is greater than 10. Moreover, a rare rule (only once in the transaction) was also excluded as invalid rules. On the basis of these definitions, the following invalid rules were excluded from the association rules: multiple antecedents in a rule, antecedent < consequent, and the estimated ion of the consequent corresponding to the isotopic ion of the antecedent. The index values of MS/MS fragmentation association rules with an antecedent (X), consequent (Y) and transaction (Z) are calculated
The MS/MS fragmentation association rules can be downloaded from the data section of ReSpect.
Construction of web applications
The web applications of ReSpect were implemented using HTML5.0, JavaScript, Perl, and MySQL and were hosted on CentOS. ReSpect has been successfully tested on Mozilla Firefox 3.6+, Safari 5.0+, Google Chrome 5.0+, Opera 10.0+, and Microsoft Internet Explorer 8.0+. The user can define the threshold for query and data resources with the following search options: polarity (positive, negative), spectra filters (similarity score, relative intensity, precursor ion and m/z tolerance), data type selection (ignores all single fragments and one major fragment spectrum) and data set selection (literature, Q-TOF/MS and QqQ/MS).
mQTL analysis of L. japonicus 4.4.1. Plant materials
The L. japonicus accessions and mapping population of 129 recombinant inbred lines (RILs) have been described in detail elsewhere (Gondo et al., 2007; Hayashi et al., 2001; Kawaguchi et al., 2001; Klein and Grusak, 2009 ).
Metabolic profiling
All raw data for mQTL analyses carried out in this study are available in our webpage (DropMet, http://prime.psc.riken.jp/). Metabolic profiling data was collected by analyzing seed extract mixtures of L. japonicus (accessions: MG-20 and B-129), which were prepared as follows: a seed was disrupted using a multi beads shocker (Shake Master NEO, BMS, Tokyo, Japan), and the seed powder was extracted with 1 mL of extraction buffer (0.1% HCO 2 H, MeOH-H 2 O (4:1 v/v), and 33.6 nM lidocaine and 840 nM camphor sulfonic acid as internal standards of positive mode and negative mode, respectively) using a multi beads shocker. After centrifugation (4°C, 10,000 rpm, 5 min), the sample tubes were subjected to sample preparation (buffer transfer, 250 lL of seed extract; dried up, resolution, 250 lL of LC-MS grade H 2 O; filtration, 384 well formatted filter (0.45 lm PVDF, Whatman, NJ, USA) with a liquid handling system (Microlab Star Plus, Hamilton, Ontario, Canada) (Sawada et al., 2009a) . The metabolites were analyzed using a liquid chromatography quadrupole time of flight mass spectrometer and tandem quadruple mass spectrometer system (UPLC-QTOF Premier and UPLC-TQS, Waters Co., MA, USA) (Matsuda et al., 2009; Sawada et al., 2009a) .
After cutting off the low intensity data of MS2Ts, 702 MS2Ts were used for a selected reaction monitoring (SRM) assay of UPLC-TQS. To determine the optimal collision energy for MS2Ts, collision induced dissociation fragmentation analyses at six energy steps (10-60 eV) were conducted using the same seed extracts. As a result, 4212 SRMs were used for analysis. The SRM condition that gave the highest signal intensity among the six energy steps was defined as the optimal SRM. The optimal SRM conditions were further selected based on the following criterion: the relative standard deviation of UPLC-TQS peak area values must be less than 10% (analytical replicates = 3). Finally, 342 SRM conditions for MS2Ts were successfully assigned to the seed extract of L. japonicus. Based on the natural variations in the metabolite accumulation patterns among the accessions (MG-20 and B-129), 88 SRM conditions were used for mQTL analysis.
mQTL analysis
Metabolic profiling data of 129 RILs were processed as follows: the peak area values of 88 SRMs were divided by the peak area values of the internal standards, which were lidocaine and camphor sulfonic acid for the positive and negative ion modes, respectively. The divided values were then converted into z-scores of binary logarithms after missing values were replaced with 0.1. The genotype data of each RIL were obtained from KDRI (http://www.kazusa.or.jp/lotus/). Using processed metabolic profiling data and gene marker data of RILs, mQTL analysis was carried out using R/qtl (Broman et al., 2003) (Supplementary Data).
